Polymer-based materials hold promise as low-cost, flexible efficient photovoltaic devices. Most laboratory efforts to achieve high performance devices have used devices prepared by spin coating, a process that is not amenable to large-scale fabrication. This mismatch in device fabrication makes it difficult to translate quantitative results obtained in the laboratory to the commercial level, making optimization difficult. Using a mini-slot die coater, this mismatch can be resolved by translating the commercial process to the laboratory and characterizing the structure formation in the active layer of the device in real time and in situ as films are coated onto a substrate. The evolution of the morphology was characterized under different conditions, allowing us to propose a mechanism by which the structures form and grow. This mini-slot die coater offers a simple, convenient, material efficient route by which the morphology in the active layer can be optimized under industrially relevant conditions. The goal of this protocol is to show experimental details of how a solar cell device is fabricated using a mini-slot die coater and technical details of running in situ structure characterization using the mini-slot die coater.
Introduction
Organic photovoltaics (OPV) are a promising technology to produce cost-effective renewable energies in the near future. 1, 2, 3 Tremendous efforts have been made to develop photo-active polymers and fabricate high efficiency devices. To date, single layered OPV devices have achieved a >10% power conversion efficiency (PCE). These efficiencies have been achieved on laboratory scale devices using spin coating to generate the film, and translation to larger size scale devices has been fraught with significant reductions in the PCE. 4, 5 In industry, roll-to-roll (R2R) based thin film coating is used to generate photon active thin films on conductive substrates, which is quite different from typical laboratory-scale processes, particularly in the rate of solvent removal. This is critical since the morphologies are kinetically trapped, resulting from the interplay between multiple kinetic processes, including phase separation, ordering, orientation and solvent evaporation. 6, 7 This kinetically trapped morphology, though, largely determines the performance of the solar cell devices. Thus, understanding the development of the morphology during the coating process is of high importance for manipulating the morphology so as to optimize performance.
The optimization of the morphology requires understanding the kinetics associated with the ordering of the hole-conducting polymer in solution as solvent is removed; 8, 9 quantifying the interactions of the polymer with the fullerene-based electron conductor; 10, 11, 12 understanding the roles of additives in defining the morphology; 13, 14, 15 and balancing the relative rates of evaporation of the solvent(s) and additives. 16 It has been a challenge to characterize the evolution of the morphology quantitatively in the active layer in an industrially relevant setting. Roll-toroll processing has been studied for the fabrication of large scale OPV devices. 4, 17 However, these studies were performed in a manufacturing setting where large quantities of materials are used, effectively limiting studies to commercially available polymers.
In this paper, the technical details of fabricating OPV devices using a mini-slot die coating system are demonstrated. Coating parameters such as film drying kinetics and film thickness control are applicable to larger scale processes, making this study directly related to industry fabrication. Besides, a very small amount of material is used in the mini slot die coating experiment, making this processing applicable to new synthetic materials. In design, this mini-slot die coater can be mounted onto synchrotron end stations, and thus grazing incidence small angle X-ray scattering (GISAXS) and X-ray diffraction (GIXD) can be used to enable real-time studies on the evolution of the morphology over a wide range of length scales at different stages of the film drying process under a range of processing conditions. Information obtained in these studies can be directly transferred to an industrial manufacturing setting. The small amount of materials used enables a rapid screening of a large number of photo-active materials and their mixtures under various processing conditions.
1. Load substrate. Put the PEDOT:PSS coated ITO substrate onto the base plate of mini slot die coater. Turn on the vacuum pump that is connected to the vacuum chuck of the slot die coater to hold the substrate tightly. (See Figure 3 to locate different components.) 2. Adjust the position of substrate to put it right beneath printer head. This can be done by using the linear manipulator beneath the substrate plate. 3. Adjust the head tilting using the 2-D tilting manipulator that holds the printing head. Make sure that the head stands vertically on top of the loaded substrate. Note that in this process, the printing head can be lowered close to the substrate. Use the gap between printing head and substrate to show whether the head is tilted or not. This will be extremely useful when a wafer substrate is used, since a minor image of printing head will show up and it will be much easier to check the tilting. 4. Tune the head-to-substrate distance to zero. The vertical motor is coupled with a force sensor. When the printing head is floating, a constant force reading will be obtained (from the weight of printing head and tilting manipulator assemblies). Once printer head touches substrate, the reading will reduce, marking the zero position. See Figure 4 for the step distance setting. Use jog mode in tuning the distance. NOTE: The vertical manipulator translational plate is connected to its base using springs and the spring constant varies slightly. Thus small changes in force sensor are inevitable during the experiment. 5. Set a head-to-substrate value to run the experiment. In this experiment, set the head to substrate gap to 100 µm. 6. Adjust the linear translational stage motor that will be used to print. Find the starting point and end point. Record these values. The travel distance of the linear motor is 100 mm. Here, set 10 mm motor position as the starting point and 80 mm motor position as the end point. 7. Set the printing speed to 10 mm/sec by using the motor controlling software interface (Figure 4b ). Set the motor acceleration speed to 100 m/sec. 1. If the motor does not work properly or the software has an error, please restart the software and click "enable" and then "home" in the software interface. Note that during printing process, the printing head remains fixed and the substrate moves to dispense the solution and mimic the industrial printing process.
8. Load DPPBT:PCBM solution (room temperature) into 1 ml syringe and mount the syringe to the syringe pump that is connected to the slot die printer. Set the printing parameters in controlling software (syringe diameter and solution feeding speed, 0.3 ml/min in this case). 9. Start the printing experiment. 3. Quickly start the translational motor when the solution starts coming out from the printing head, and the substrate will move to the end position. Please note this is a critical step. Preload the translational motor ending position into the position window, and click enter to start the motor movement. 4. Stop the syringe pump and lift the printing head by using the vertical motor. Turn the vacuum off and take the substrate off the base plate. Note that the dead volume for this printing head is 250 µl, and thus filling the first time takes more than 250 µl of solution. 5. Load the printed substrate into a vacuum oven for 3-5 hr to remove residual solvent. 6. Put a Petri dish beneath the printing head. Pump 10 ml chloroform into the printing head to clean the head. Collect the contaminated chloroform solution with the Petri dish. Use cotton swabs to clean the printing head while pumping the cleaning solution. After each coating run, clean the printing head, especially when a different solution is used. NOTE: The DPPBT:PCBM solution shows a dark green color. When the cleaning is complete, no color can be seen from the chloroform solvent.
Cathode Electrode Deposition
1. Load the active layer coated substrate onto shadow masks ( Figure 5 ) and mount the mask into the evaporation chamber. 2. Put two thermal evaporation boats in between the electrode studs (Figure 6a) . Load one boat with LiF salt (barely covering the boat, ~0.2 g) and one boat with aluminum metal (4 pellets). 3. Close the evaporation chamber and pump down the evaporation chamber to about 2 x 10 -6 Torr.
4. Set the chamber to deposit 1 nm of LiF followed by 100 nm of aluminum. In the current case, use 20% power for LiF deposition and use 26% power for Al deposition. Shown in Figure 6b is the evaporator control interface of the system used in this study. 5. Stop evacuation pumps and fill the chamber with nitrogen gas. When pressure returns to atmosphere pressure, take the substrates out.
Photovoltaic Performance Measurement
1. Prepare a glass slide that is half the width of the ITO glass that is used in device fabrication. Carry out this step in a glove box. Paste epoxy glue to one side of the glass substrate, and cover the device area using the epoxy glue coated glass slides (see Figure 11 for sample device). When the epoxy has cured, the device will be fully sealed. 2. Start the solar simulation lamp and set to AM 1.5 radiation with 100 mW/cm 2 . Stabilize the lamp for about 15 min before measurement. Shown in Figure 7 is the PV measurement system used in this study. 3. Mount the device under the solar simulator at the instrument suggested distance. Connect the anode and the cathode to the measurement circuit. Record a current-voltage curve using an electrical multimeter using manufacturer's protocol. 4. Determine the performance of the device as follows:
J sc : short circuit current, the maximum current that a solar cell device can deliver; V oc : open circuit voltage, the maximum voltage that a solar cell device can deliver; FF: fill factor, the maximum area in I-V curve divided by J sc * V oc ; PCE: power conversion efficiency, J sc * V oc *FF/(100mW/cm 2 ).
Synchrotron X-ray Measurement
1. Set up a helium box to suppress air scattering in the X-ray measurement. Mount the mini-slot die coater into the helium box. Shown in Figure  8 is the experiment setup of grazing incidence X-ray diffraction experiments using a helium box at Advanced Light Source. 2. Mount an optical interferometer onto the printing machine to monitor the thickness change over the solvent evaporation. In this experiment, use an UVX model (e.g., Filmetrix F20). The materials that are used in this experiment have strong light absorption from 300-900 nm wavelength. 1. Use a source lamp of optical interferometer that avoids material absorption. Use an 1,100-1,700 nm wavelength lamp in this experiment. Pre-calibrate the instrument before experiment following its operation procedures.
3. Put the PEDOT:PSS coated wafer substrate onto substrate holder of the printer and adjust the head and substrate position following step 3.2-3.5. Turn on the vacuum pump and make sure that the wafer substrate sticks to the substrate holder tightly. 4. Purge the helium box to remove air. Note that oxygen level should be less than 0.3 v%, which can be monitored by oxygen sensor. 5. Align the substrate at the position where the X-ray impinges on the substrate (the end position in printing), and set the incidence angle, 0.16°i n this case. Align according to beam-line protocol. 6. Set the X-ray exposure time and data acquisition method. Here, use 2 sec as the exposure time, and followed by 3 sec of delay time (to avoid server beam damage). Thus each experiment period will be 5 sec. Carry out a continuous queue of 100 repeats; thus take 100 pictures. 7. Name the experiment and choose the data path to save experimental files. Shown in Figure 9 is the Advanced Light Source beamline 7.3.3 user interface where the above-mentioned settings can be easily located. 8. Move the substrate to the starting position by entering the starting position in motor controlling software. Start the X-ray shutter and the detector will continuously record diffraction/scattering signals. 9. Start the syringe pump to feed solution into printing head. When the solution begins to eject from the printing head (monitored by a surveillance camera), quickly start the printing process. NOTE: When the pre-chosen measurement position is reached, 2-D detector will capture the scattering signal from solution. Film thickness will be monitored by interferometer. Thus the thin film morphology evolution will be recorded. Figure 3 is the mini-slot die coating system. It consists of one coating machine, one syringe pump and a central control box. The coating machine is the essential part, which is made of a slot die head, one horizontal translational stage, and one vertical translational stage. The slot die head is mounted to the base of a vertical translational motor through a 2-D tilting manipulator. Figure 10a shows the printer main body without mounting the printing head from which the 2-D tilting manipulator is highlighted. Figure 10b shows the mounting of the printing head to the 2-D tilting manipulator. Figure 10c shows an enlarged image of printing head and base plate. A force sensor is built into the vertical translational stage. In experiments, the vertical translational stage is used to adjust head-to-substrate distance, and the 2-D tilting motor is used to adjust the head to be strictly vertical. The force sensor is used to monitor the weight of the slot die head system. Once the head touches the substrate, a jump from positive reading to a negative reading will be observed, indicating the head position. The head is moved up to the desired height to give a certain gap. During printing, the slot die head is fixed and the bottom horizontal translational stage moves. With liquid being dispensed from head slit, a uniform film can be obtained. It should be mentioned that both printer head and substrate plate have refined temperature control systems. A temperature range from room temperature to 150 °C can be used during printing for this system. Figure 11a shows an ITO substrate coated with conjugated polymer:PCBM blends. The film is quite smooth visually. It should be noted that the beginning and end of the coated film is not always uniform, due to the formed meniscus and the drying from the edges. If the substrate is long enough or if the substrate is coated in a continuous manner (as with a R2R printer), this issue can be solved.
Representative Results

Shown in
Freshly coated substrate (glass/ITO/PEDOT:PSS/active layer) is transferred into a vacuum oven over a short period and then loaded into shadow masks. The mask is loaded into evaporator to deposit cathode thin layer. Shown in Figure 5 is a shadow mask that is used in the experiment. Figure 11b shows a completed device after the cathode layer deposition. The device performance is measured using a solar simulator under 100 mW/cm 2 AM 1.5 condition. Shown in Figure 12 is a representative current-voltage curve of a mini-slot die coated device. An average power conversion efficiency of 5.2% is achieved for slot die coated devices, which is close to that achieved by spin coating (~5.6% PCE).
The in situ GIXD and GISAXS experiments are useful methods to track the morphology evolution of the printed BHJ ink. The polymer crystallization can be tracked by the GIXD experiment and phase separation can be tracked by GISAXS. In experiments, the mini-slot die coater is mounted onto a goniometer inside the helium box ( Figure 13 ). The cable connection will be paired and thus, the instruments can be operated outside of the synchrotron hutch. Shown in Figure 14 is the operating center at the X-ray beamline. The top left computer controls the beamline parameters; the central computer is the beamline operating interface that controls the X-ray shutter and records data; the left computer is the analogue window for two surveillance camera inside the hutch, one focuses on the sample position and one focuses on the slot die head slit and thus can monitor the solution status; the bottom left computer runs horizontal and vertical translational stage motor software and syringe pump control software. Shown in Figure 15 is a typical in situ grazing incidence small angle scattering experiment during solvent drying. The time evolution is color-coded. In the earlier stage of drying (an excess of solvent existed), a red scattering curve is seen, and blends mixed well. A scattering peak gradually developed at around 0.02 A -1 , indicating a ~60 nm of phase separation. This information, when coupled with in situ GIXD results, will tell us the kinetics of polymer crystallization and phase separation. 
